The Nematode Caenorhabditis elegans, Stress and Aging: Identifying the Complex Interplay of Genetic Pathways Following the Treatment with Humic Substances by Menzel, Ralph et al.
ORIGINAL RESEARCH ARTICLE
published: 12 April 2012
doi: 10.3389/fgene.2012.00050
The nematode Caenorhabditis elegans, stress and aging:
Identifying the complex interplay of genetic pathways
following the treatment with humic substances
Ralph Menzel 1*, Stefanie Menzel 1,2, Suresh C. Swain3†, Kerstin Pietsch1, SophieTiedt 1, JördisWitczak 1,
Stephen R. Stürzenbaum3 and Christian E.W. Steinberg1
1 Laboratory of Freshwater and Stress Ecology, Department of Biology, Humboldt-Universität zu Berlin, Berlin, Germany
2 Institute of Biochemistry, Freie Universität Berlin, Berlin, Germany
3 Analytical and Environmental Science Division, School of Biomedical Sciences, King’s College London, London, UK
Edited by:
Jonathan Freedman, National Institute
of Environmental Health Science,
National Institute of Health, USA
Reviewed by:
Tara Sabo-Attwood, University of
Florida, USA
Wyatt McMahon, Virginia
Bioinformatics Institute, USA
*Correspondence:
Ralph Menzel , Laboratory of
Freshwater and Stress Ecology,
Department of Biology,
Humboldt-Universität zu Berlin,
Späthstr. 80/81, 12437 Berlin,
Germany.
e-mail: ralph.menzel@biologie.
hu-berlin.de
†Present address:
Suresh C. Swain, Institute of
Biological, Environmental and Rural
Sciences, Aberystwyth University,
Penglais, Aberystwyth, Ceredigion
SY23 3DA, UK.
Low concentrations of the dissolved leonardite humic acid HuminFeed® (HF) prolonged the
lifespan and enhanced the thermal stress resistance of themodel organism Caenorhabditis
elegans. However, growth was impaired and reproduction delayed, effects which have also
been identified in response to other polyphenolic monomers, including Tannic acid, Ros-
marinic acid, and Caffeic acid. Moreover, a chemical modification of HF, which increases
its phenolic/quinonoid moieties, magnified the biological impact on C. elegans. To gain
a deep insight into the molecular basis of these effects, we performed global transcrip-
tomics on young adult (3 days) and old adult (11 days) nematodes exposed to two different
concentrations of HF. We also studied several C. elegans mutant strains in respect to HF
derived longevity and compared all results with data obtained for the chemically modified
HF. The gene expression pattern of young HF-treated nematodes displayed a significant
overlap to other conditions known to provoke longevity, including various plant polyphenol
monomers. Besides the regulation of parts of the metabolism, transforming growth factor-
beta signaling, and Insulin-like signaling, lysosomal activities seem to contribute most to
HF’s and modified HF’s lifespan prolonging action. These results support the notion that
the phenolic/quinonoid moieties of humic substances are major building blocks that drive
the physiological effects observed in C. elegans.
Keywords: humic substances, hydroxybenzene, gene expression, aging, longevity, stress,TGF-beta,Caenorhabditis
elegans
INTRODUCTION
Several studies with differentmodel organisms have demonstrated
that mild chemical stress trains cellular stress response pathways,
e.g., biotransformation and antioxidant systems, which can ulti-
mately result in lifespan extension; for a review see Kourtis and
Tavernarakis (2011). Recently, we were able to show that expo-
sure to a specific humic substance preparation,HuminFeed® (HF),
significantly extends the lifespan of the nematode Caenorhabditis
elegans (Steinberg et al., 2007). HF is weathered leonardite humic
material characterized by high functional group content (Meinelt
et al., 2007). By analogy it has been concluded that the effective
building blocks may be hydroxybenzene groups. To confirm the
biological impact of these structures, HF was chemically modi-
fied by increasing the concentrations of phenolic and quinonoid
functional groups (Menzel et al., 2011). This chemical modifica-
tion boosted the antioxidant properties of HF both in vitro and
in vivo. Moreover, modified HF caused a significantly increased
tolerance toward thermal stress in C. elegans and extended its
lifespan (Menzel et al., 2011). In contrast, HF and the modified
substances delayed the onset of reproduction and caused a reduc-
tion in overall body length. The underlying molecular basis of
these HF mediated effects is, to date, unknown.
To define the transcriptional responses of HF exposure, we
conducted global gene expression analyses using the Affymetrix®
whole genome DNA microarray platform. Nematodes were
exposed to two different concentrations of HF over a 3- or 11-days
incubation period. We also assessed the effect of Huminfeed–
Hydroquinone (HF-HQ), a HF derivate chemically enriched with
hydroquinone.
Initially, we defined the differently expressed genes (DEGs),
many of which displayed concentration dependent changes in
expression. Selected results were confirmed by quantitative real-
time RT-PCR. Subsequent investigations included gene ontology
(GO; Ashburner et al., 2000) and Kyoto encyclopedia of genes
and genomes (KEGG; Kanehisa, 2002) pathway analyses. More-
over, over-represented gene expressionmountains and gene classes
were evaluated according to Kim et al. (2001). In doing so, we
were able to identify gene classes and pathways that returned a
significant over-representation in HF or HF-HQ treated nema-
todes. A meta-analysis compared our findings with recently pub-
lished data specific to either age-related gene expression, the
genetic background of longevity mutants, the transcriptional
profile of polyphenol treated nematodes or infection/immunity-
related gene expression. This allowed us to pinpoint genes and
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associated pathways predicted to be key players in HF mediated
longevity.
To substantiate the importance of these genes and pathways,
loss of function mutants were tested for their ability to extend
the lifespan in response to HF or HF-HQ exposure. In summary,
this study provides new evidence that specific humic substances
induce a complex mode of action. Moreover, humic substances
are not limited (as previously thought) to act indirectly, e.g., via
the unspecific binding to organic and inorganic compounds or
the shuttling of electrons in microbial redox reactions, but rather
extends the lifespan of C. elegans by means of regulatory and stress
response pathways.
MATERIALS AND METHODS
NEMATODES
Maintenance of large synchronous cultures of old nematodes is
challenging due to the offspring generated during the onset of
reproductive output. Rather than using fluorodeoxyuridine to
inhibit embryonic development, which has recently been shown
to affect the worm (Aitlhadj and Stürzenbaum, 2010; Davies et al.,
2012), this study utilized the C. elegans mutant strain GE24, pha-
1(e2123), a putative transcriptional regulator of the pharyngeal
precursor cells (Granato et al., 1994a). The mutant allele pha-
1(e2123) is temperature sensitive; reproduction resembles wild
type at 15˚C, but is 100% embryonic lethal at 25˚C. At the restric-
tive temperature, pharyngeal tissues of mutant embryos fail to
undergo terminal differentiation and morphogenesis. After pass-
ing embryogenesis at the permissive temperature, however, a
temperature shift does not affect pharyngeal functionality. Previ-
ously introduced as a selectable genetic marker (Granato et al.,
1994b), we used pha-1(e2123) to maintain and follow a bulk
preparation of synchronized nematodes. For reasons of compar-
ison, we used the wild type strain Bristol N2 for all qRT-PCR
experiments.
The lifespan assay included, besides N2 and pha-1(e2123),
the following mutant strains: asah-1(tm495); RB1855, cyp-
34A9(ok2401); DA465, eat-2(ad465); TK22, mev-1(kn1); AM1,
osr-1(rm1); AU1, sek-1(ag1); VC199, sir-2.1(ok434); and MT2605,
unc-43(n498n1186). All nematode strains were maintained on
nematode growth medium (NGM) plates using Escherichia coli
OP50 as food source according to standard procedures (Brenner,
1974; Sulston and Hodgkin, 1988).
HUMIC MATERIALS
HuminFeed® (HF; Humintech GmbH,Düsseldorf, Germany) was
made by an alkaline extraction process of highly oxidized lig-
nite (for a detailed and comparative physicochemical analysis see
Meinelt et al., 2007). Our experiments used the same HF batch
as previously chemically characterized. Moreover, we utilized a
formaldehyde polycondensation product between HF and hydro-
quinone, namely HF-HQ, as described in Menzel et al. (2011).
HF was used solely for practical reasons; it does not constitute an
advertisement for this product.
CULTIVATION FOR THE GENE EXPRESSION SCREEN
Untreated nematodes were chunked onto control plates (no HF)
and treatment plates [0.2 and 2.0mM dissolved organic carbon
(DOC) of HF and HF-HQ, respectively] and incubated at 15˚C
for 5 days. Then, a synchronous culture was generated by filter-
ing worms through a 10-μm membrane (SM 16510/11, Sartorius,
Germany), a pore size that retains all but first stage juveniles (L1).
For each individual experiment, 15,000 larvae were distributed to
three freshly prepared plates (∅= 94mm) and cultivated at 25˚C
to the young adult stage (3 days) or an older adult stage (11 days).
Nematodes were fed every third day by replenishing the bacterial
suspension and supplemented with a fresh preparation of humic
substances. Following the respective exposures, nematodes were
harvested by rinsing off with M9 buffer, rewashed twice, frozen in
liquid nitrogen, and stored at −80˚C until use. Each condition was
cultivated in triplicate.
RNA PREPARATION
Total RNA of each individual condition (n = 3) was isolated using
an innuSPEED Tissue RNA Kit (AnalytikJena, Jena, Germany),
which included an improved homogenization step with a Speed-
Mill (AnalytikJena, Jena, Germany) and the removal of genomic
DNA through an initial spin filter column step. The RNA qual-
ity and quantity was analyzed both spectroscopically (NanoDrop
1000, ThermoScientific, UK) and by means of Agilent’s Bioana-
lyzer 2100 equipped with a RNA 6000 Nano kit (Agilent Technolo-
gies, Santa Clara, CA, USA). All RNA-samples showed no signs of
degradation as indicated by Agilent’s RNA integrity numbers of 9
or 10.
DNA MICROARRAYS
Procedure
The processing of each RNA sample, the first- and second-strand
cDNA synthesis as well as cRNA synthesis, labeling, and fragmen-
tation was performed with a MessageAmp™Premier RNA Ampli-
fication Kit (Ambion, Austin, TX, USA). We used the GeneChip®
C. elegans genome platform (Affymetrix, Santa Clara, CA, USA),
representing 22,548 different transcripts. To conduct the microar-
ray hybridization experiments,we followed the specifications from
Affymetrix’s GeneChip® hybridization, wash, and stain kit. The
automated washing steps were performed in a GeneChip® flu-
idics station 450 (Affymetrix), and scans conducted by means of a
GeneChip® scanner 3000 7G (Affymetrix). Triplicate GeneChips®
were run for each condition.
Data interpretation and statistical analysis
Pre-processing of DNA microarray raw data included probe-
specific background correction, summarization of probe set val-
ues, and normalization using the GCRMA algorithm with CAR-
MAweb 1.4, an R- and Bioconductor-based web service for
microarray data analysis (Rainer et al., 2006)1. Then, the data were
initially filtered for missing values and subjected to a CLEAR-
test that combines differential expression and variability using
the GEPAS software (Herrero et al., 2003)2. For selection of
DEGs, an unpaired t -test was performed followed by a signifi-
cance analysis of microarray (SAM) test including a calculation
that estimates the false discovery rate (FDR). FDR, reducing on
1https://carmaweb.genome.tugraz.at/carma/
2http://www.gepas.org
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the one hand type I errors for null associations, was set to a
non-stringent level of <12.5%, mainly to guard from an increase
of type II error (Swain et al., 2010) and also based on findings
by Levine et al. (2011), which described 12.5% as most accept-
able optimum level of FDR, representing the 90th percentile of
the normal distribution curve. DEGs exceeding a fold change of
1.25 were further analyzed with respect to their functional clus-
tering. We chose this fold-cut-off to allow an interpretation that
is biologically meaningful, akin to the notion that data of sound
technical and experimental quality which returns strong, statis-
tically significant, absolute signal intensities is sufficiently robust
to justify a fold-cut-off of >1.2 (Grigoryev et al., 2004; McCarthy
and Smyth, 2009). This analysis was conducted using the func-
tional annotation clustering tool of the Database for Annotation,
Visualization, and Integrated Discovery (DAVID; Huang et al.,
2007)3. This tool identified annotation categories including, e.g.,
GO terms and bio-pathways that are significantly enriched within
the gene list, followed by a multiple sample correction (Ben-
jamini and Hochberg, 1995). The resultant annotation clusters
were ranked according to the statistical significance of cluster
enrichment.
Representation factor
To assess the level of overlap between different conditions we cal-
culated the representation factor (RF) in order to explore the fold
enrichment. The RF identifies the level of enrichment (of individ-
ual transcripts) between gene lists (Kim et al., 2001; Evans et al.,
2008). The choice of N(genome) was based on the values recom-
mendedby the authors. IntersectionP-valueswere calculated from
the hypergeometric distribution. RF were considered significant
when RF> 1.
VALIDATION OF DNA MICROARRAY DATA BY qRT-PCR
qRT-PCR analyses were conducted with samples from control
and 2.0mM DOC HF as well as HF-HQ exposed N2 wild type
nematodes. The cultivation conditions of N2 wild type and pha-
1(e2123) were identical. β-Actin (act-1) was used as reference gene,
which did not change significantly in the DNA microarray data.
A total of 1μg RNA was reverse transcribed into cDNA (Menzel
et al., 2005). Quantitative real-time amplification was performed
in a MyiQ single color qPCR detection system (BIO-RAD, Ger-
many) using the double-stranded DNA intercalating fluorescent
agent EvaGreen for amplicon detection. Each reaction consisted
of the qPCR Green Core Kit (Jena Bioscience, Germany), 200 nM
of each primer pair, and cDNA template equivalent to 5 ng RNA
starting material. The relative expression of the target genes was
calculated by means of the comparative 2−ΔΔCt method (Livak
and Schmittgen, 2001). All experiments for each selected gene
were performed in duplicate; RT-negatives were also run for each
sample and gene to confirm the absence of DNA contamination.
The list of primers with their corresponding PCR-efficiencies (91–
100%) is given in Table S1 in Supplementary Material; at least one
primer of each pair spanned an intron to avoid amplification of
genomic DNA.
3http://david.abcc.ncifcrf.gov/
LIFESPAN ASSAY AND STATISTICAL EVALUATION
The lifespan of C. elegans was investigated as previously described
(Pietsch et al., 2009) using synchronized L4 larvae and a growth
temperature of 20˚C. However, pha-1(e2123) was pre-cultured at
15˚C until the L4 state, and then maintained at 20˚C. The concen-
trations of HF and HF-HQ were 0 and 0.4mM DOC, respectively,
mixed both into the agar and to the bacterial lawn. The first day of
adulthood was defined as day 1. We performed three independent
trials, each comprising 10 small agar plates (∅= 35mm) and 150
nematodes per trial. Animals were scored daily for survival until
all worms had died. Median and mean lifespan and percentage
changes (compared to controls) were determined. The statisti-
cal significance of alterations in the mean lifespan was calculated
using the log-rank test (Azen et al., 1977), available online from
the Bioinformatics group at the Walter and Eliza Hall Institute of
Medical Research (Melbourne,Australia)4. Blinding of studies was
not possible due to the color of humic material, which also stains
the NGM agar.
RESULTS
TRANSCRIPT PROFILING BY WHOLE GENOME MICROARRAY
FOLLOWING HF AND HF-HQ TREATMENT
TheVenn diagrams in Figure 1 present an overview of the number
of genes that were significantly up- or down-regulated in response
to thehumic substances and the respective overlapbetween the two
concentrations, 0.2 and 2.0mM DOC. Due to the low threshold
(a minimum fold change in gene expression of 1.25), many genes
were classed as DEGs, especially in young adults exposed to HF.
However, the extended incubation time of 11 days was character-
ized by a substantial decline in the number of DEGs, in particular
down-regulated genes. The HF-HQ derived data resemble the
results from young adults exposed to HF, albeit overall less DEGs
were identified. The intersection between HF-HQ and HF at 0.2
and 2.0mM DOC comprised of 174 and 532 DEGs, respectively.
An extensive overlapwas observed between the two concentrations
per HF condition (Figure 1). The complete data can be viewed
in the National Center for Biotechnology Information’s (NCBI)
Gene Expression Omnibus (GEO) database (accession number
GSE35360) and are also given in Table S2 in Supplementary Mate-
rial, including expression values, statistics, and gene annotations.
VALIDATION OF TRANSCRIPT PROFILES OF SELECTED GENES AND
CONDITIONS BY qRT-PCR
A validation of the microarray experiment was deemed to be
important to (i) allow a comparison between the pha-1(e2123)
strain (used for microarray experiments) and the N2 wild type
(used for qRT-PCR), and (ii) evaluate the expression levels at
reduced exposure times (24 and 48 h as well as 72 h). Sam-
ples generated for qRT-PCR originated from worms exposed to
2.0mM DOC of HF or HF-HQ, respectively. Overall, both meth-
ods (microarray and qPCR) and genotypes [pha-1(e2123) and
wild type] returned analogous expression profiles at 72 h exposure
in 9 of 10 genes tested; only F15E11.13 could not be confirmed
(Table 1). This suggests that pha-1(e2123) and wild type are
4http://bioinf.wehi.edu.au/software/russell/logrank
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FIGURE 1 | Over-represented genes.The Venn diagrams show the
overlap of significantly up- or down-regulated genes (fold change >1.25
or <0.8) per concentration in nematodes exposed for 3 days to HF
(center), HF-HQ (left), and for 11 days to HF (right). The gray colored
numbers given in italics represent the overlap between HF and HF-HQ
derived DEG lists.
Table 1 | Quantitative PCR of 10 HF-responsive genes identified by DNA microarray.
Gene Expression level
qRT-PCR
N2 wild type
DNA microarray
pha-1(e2123)
24 h 48 h 72 h 72 h
2.0 mM DOC HF HF-HQ HF-HQ HF-HQ HF-HQHF HF HF
asah-1
ctl-3
cyp-34A9
F15E11.13
gst-24
lys-7
sek-1
skn-1
sod-4
sodh-1
Fold change: <0.3, 0.3–0.7, 0.7–1.5, 1.5–3.0, >3.0.
essentially interchangeable. The inclusion of further time points
revealed that the majority of the selected genes did not respond
rapidly to the exposure, exceptions to this were F15E11.13 and, to
some extent, cyp-34A9 and skn-1.
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EVALUATION OF TRANSCRIPT PROFILES BASED ON ANNOTATION
ENRICHMENT ANALYSES
The transcriptional profiles were subjected to detailed analyses to
identify pathways linked to the mode of actions of HF and HF-
HQ. The principal approach applied an annotation enrichment
analysis within the different DEG sets, sub-divided in up- and
down-regulated genes.
First, DEGs were assigned to KEGG pathways and mapped to
known molecular interaction networks, such as metabolic path-
ways or environmental information processes (Table S3 in Sup-
plementary Material). The analysis of the two HF derived lists for
young adults (3 days) identified 10 KEGG pathways for 0.2 and 16
KEGG pathways for 2.0mM DOC (Table 2, left part). DEG lists
of 3-days-old HF-HQ treated nematodes returned 3 and 12 path-
ways for the low and the high concentration, respectively (Table 2).
Despite some individual differences between both conditions (e.g.,
thedown-regulationof spliceosomespecificgenesbyHF),theover-
all overlap between concentrations and conditions was significant.
Particularly noticeable was the induction of fatty acid metabolism,
in particular arachidonic acid (AA) and sphingolipid metabo-
lism, as well as the up-regulation of lysosome related genes. In the
11-days-old HF exposed worms, only four significantly enriched
KEGG pathways were modulated, which were restricted to the
lower concentration of HF (0.2mM DOC). Besides the persistent
induction of the AA metabolism, HF (0.2mM DOC) was marked
by a distinct up-regulation of the biotransformation machinery,
which includes glutathione and cytochromeP450 (CYP)pathways.
It should be noted that HF (2mM DOC) also induced biotrans-
formation associated genes, however, because of the large number
of DEGs, they were not found to be significantly enriched.
Second, DEGs were classified using GO terms to obtain fur-
ther functional insights into gene expression responses. The GO
analysis produced a multitude of significantly enriched terms,
many represented by the same genes across and within the
three GO domains (biological process, cellular component, and
molecular function). Redundancy was removed by applying the
“GOTERM_XX_ALL” option in DAVID 3.0, a functional annota-
tion clustering tool. Table S4 in Supplementary Material lists GO
terms represented by the largest number of genes within indi-
vidual functional clusters. A further selection of the 25 most
striking terms are given in Table 2 (right part). Again, results
from young adult nematodes, exposed either to HF or HF-HQ,
were more consistent compared to their older counterparts. As
before, lysosomal processes, defense response as well as lipid
and fatty acid metabolism were found to be enriched in the
group of up-regulated genes.Moreover, humic substances induced
the expression of genes coding for constituents of the cuticle
and cytoskeleton. The persistent strong induction of the cellular
components pseudopodium and extracellular region is caused by
a comprehensive up-regulation of various major sperm proteins
(MSP). Oxidative/reductive processes, determinants of adult life
span, and neuropeptide signaling were found to be more enriched
in response to the chemically modified HF-HQ. Both HF prepa-
rations seem to slow down the reproductive development of C.
elegans (also cell cycle and gamete production) following a short
term exposure of 3 days, a process which was seen to be reverted
in older nematodes exposed for 11 days.
In a third step, we compared the DEG lists to a library of 59
different gene classes or functionally related groups of genes (for
the complete comparison see Table S5 in Supplementary Mate-
rial), which were assembled into a gene expression map (Kim
et al., 2001). Table 3 (left part) shows a selection of the 15 most
relevant gene groups in which at least one dataset displays an
over-representation. As before, genes coding for determinants
of cell structure, lipid metabolism, glutathione transferases, and
MSPs were significantly enriched. Lysozyme and protease encod-
ing genes were found to be predominantly up-regulated after
3 days of exposure but down-regulated in 11-days-old HF-treated
nematodes.
META-ANALYSIS: COMPARISON OF TRANSCRIPT PROFILES WITH
SELECTED DATASETS TAKEN FROM THE LITERATURE
Datasets from HF and HF-HQ treated nematodes were com-
pared to expression profiles obtained from long-lived mutants,
dauer larvae, worms treated with lifespan-extending polyphenols
and immunity challenged nematodes. As a control, the analysis
included studies addressing the gene expression changes dur-
ing the C. elegans life-cycle. Table S6 in Supplementary Material
summarizes the results of the complete analysis comprising 40
individual data sets. Table 3 (right part) reduces the meta-analysis
to the 15most overlapping data sets. The transcriptional profiles of
HF and HF-HQ are closest to the results from Tannic acid treated
nematodes and mutants of the transforming growth factor-beta
(TGF-β) pathway. In contrast, significant overlaps were limited to
up-regulated DEGs in long-lived daf-2(e1370) and daf-12(rh273),
as well as nematodes infected with Pseudomonas aeruginosa or
exposed to another polyphenol, the flavonoid Quercetin. A signif-
icant proportion of genes up-regulated after 3 days were shown to
be down-regulated after 11 days. This result demonstrates the level
of dynamic transcriptional changes during the HF mediated aging
process.
HF and HF-HQ derived transcriptional profiles were also ana-
lyzed by assigning DEGs to gene expression mountains originally
assembled from 553 different C. elegans DNA microarray exper-
iments (Kim et al. (2001). Table S7 in Supplementary Material
displays the overlap of all gene expression mountains with the
HF and HF-HQ derived datasets, respectively, as calculated by
RFs. A summary is presented in Figure 2 and includes a graph-
ical overview of the data obtained for 14 mounts, distinguishing
between up- and down-regulated genes as well as a summary from
selected published data sets.Young adult nematodes exposed to the
lower concentration of HF-HQ (Figure 2A, left side), and both HF
concentrations (Figure 2B) resembled the gene expression mount
map characteristic for Tannic acid exposed nematodes or mutants
of the TGF-β pathway. The higher concentration of HF-HQ on
the other hand seems to overlap, in part, with the gene expres-
sion patterns following P. aeruginosa infection (Figure 2A, right
side). No clear categorization was possible for old adults exposed
to HF.
A stringent GO term analysis on genes belonging to each of
the significantly overlapping sections made it possible to focus
on similarities within and between HF, HF-HQ, and long-lived
mutant strains. Only gene lists derived from TGF-β mutants as
well as daf-2(e1370) mutants produced significant results. Figure 3
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FIGURE 2 | Over-represented gene expression mountains. Identification of
over-represented gene expression mountains of (A) HF-HQ (3 days), (B) HF
(3 days), and (C) HF (11 days) treated nematodes; 0.2mM DOC data are
shown on the left, 2.0mM data on the right. Only mounts which are
significantly affected by at least one HS treatment are presented, red labels
represent up-, green labels down-regulated genes. *P <0.05, **P <0.01,
***P <0.001. (D) Presents the associated term names on the left and a
comparison to selected published datasets on the right (only mounts relevant
to HS are shown). Note the short graphical overview in the right upper corner
of each diagram. The complete dataset (gene numbers and RFs for all 44
gene expression mountains of all six HS conditions as well as RFs for
previously published datasets) can be found in Table S7 in Supplementary
Material. 1Shaw et al. (2007), 2Evans et al. (2008), 3Fisher and Lithgow (2006),
4Troemel et al. (2006), 5Viswanathan et al. (2005), 6Pietsch et al. (2012).
shows the Venn diagrams describing the overlap between TGF-β
mutants and 0.2mM (Figure 3A) as well as 2.0mM (Figure 3B)
HForHF-HQtreatednematodes. The overlap between the profiles
of daf-2(e1370), and 2.0mM HF or HF-HQ treated nematodes
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FIGURE 3 | Overlap of similarly regulated genes. Shown are
comparisons of DNA microarray data sets of HF (right) and HF-HQ (left)
treatments with the data set derived fromTGF-β adults (Shaw et al.,
2007) – 0.2mM DOC HS (A) and 2.0mM DOC HS (B) – as well as from
daf-2(e1370) mutants (Evans et al., 2008) (C). The RF values in brackets
indicate a significant overlap between the data sets. The middle section
represents the overlap of DEGs in both HF, HF-HQ, and the comparative
condition, shown are significantly over-represented GO terms (Biological
process), the associated number of genes, and the individual names of
all genes which are part of the GO term “Determination of adult life
span.” Red arrows/boxes are intersections of commonly up-regulated
transcripts; blue arrows/boxes are intersections derived from genes with
opposite transcriptional responses. *P <0.05. **P <0.005.
***P <0.001
is given in Figure 3C. All three analyses returned the term
“Determination of adult life span,” moreover, common transport
processes were identified. Some of these genes act downstream
of DAF-16 (Murphy et al., 2003) and/or thought to be involved
in lysosomal metabolism (e.g., asah-1, encoding a putative n-
acylsphingosine amidohydrolase) or a potential drug metabo-
lizer (e.g., cyp-34A9, a cytochrome P450 monooxygenase). Both
mutant strains were selected for lifespan assays as described
below.
IDENTIFICATION OF GENES REQUIRED FOR HF/HF-HQ MEDIATED
LONGEVITY
To substantiate the importance of stress response genes and
genes relevant to aging, nine C. elegans mutants were tested for
their ability to trigger longevity during humic substance expo-
sure (Figure 4A). HF or HF-HQ exposure led to a significant
increase in mean lifespan of N2 wild type and the pha-1(e2123)
mutant strain, confirming that pha-1 was a suitable test strain
for this analysis. In addition, cyp-34A9(ok2401), eat-2(ad465),
www.frontiersin.org April 2012 | Volume 3 | Article 50 | 9
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FIGURE 4 | Genetic modulators. (A) Lifespan alterations in nine mutant
strains following the treatment with either 0.4mM DOC HF (light gray) or
0.4mM DOC HF-HQ (dark gray). Shown are the mean lifespan variations
compared to the respective untreated control. Error bars represent SEM,
**P <0.01, ***P <0.001. (B) provides a graphical comparison of
previously published datasets on polyphenols. Crosses mark
combinations where no significant extension of lifespan was observed;
gray shaded boxes are untested combinations. 1Wilson et al. (2006),
2Pietsch et al. (2011), 3Saul et al. (2009), 4Pietsch et al. (2009), 5Saul et al.
(2010).
and unc-43(n498n1186) responded to the exposure to HF or
HF-HQ with an increase in lifespan. HF-HQ was seemingly a
more effective trigger of longevity than the unmodified HF, a fact
which may explain why osr-1(rm1) responded only to HF-HQ,
but not to HF. No lifespan extension was observed in sek-1(ag1)
and sir-2.1(ok434) and was even reduced in asah-1(tm495) and
mev-1(kn1) (Figure 4A). An overview of comparative data from
similar experiments testing the impact of individual polyphe-
nols and one fruit extract suggest that the HF/HF-HQ medi-
ated longevity align well with the key mechanisms identified for
Caffeic acid and Rosmarinic acid as well as blueberry polyphe-
nols. The overlap to Tannic acid treated nematodes was limited
to sek-1, a frequently encountered effector in aging pathways
(Figure 4B).
DISCUSSION
Caenorhabditis elegans exposed to the humic substance HF were
shown to live longer and to be more stress resistant, but were
impaired in their reproductive performance and growth (Menzel
et al., 2011). Therefore, HF’s impact resembles other polyphenol
monomers, such as Quercetin (Kampkötter et al., 2008; Pietsch
et al., 2009) and Tannic acid (Saul et al., 2010). Indeed, HF was
found to be rich in functional group content,with possibly hydrox-
ybenzenes as effective building blocks (Meinelt et al., 2007). First
experimental evidence was offered by Menzel et al. (2011) who
were able to demonstrate that a chemical modification of HF
(an enrichment in phenolic and quinonoid functional groups)
resulted in the amplification of the biological effects. The cur-
rent study aimed to extend this knowledgebase by applying global
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transcriptomics to compare the impact of HF and a modified HF
(HF-HQ).
QUANTITATIVE ANALYSIS OF TRANSCRIPT PROFILES AND VALIDATION
BY qRT-PCR
Exposure to HF or HF-HQ had a profound impact on global gene
expression patterns. Clearly, the return of over 1000 DEGs can
be attributed, in part, to the non-stringent cut-off value of 1.25-
fold, which was purposefully chosen to facilitate a comprehensive
secondary analysis. The overlap between the HF and the HF-
HQ DEGs-lists is considerable, even though HF returned more
DEGs than HF-HQ. A 10-fold increase in concentration (from 0.2
to 2.0mM DOC) amplified the number of DEGs approximately
twofold for HF and threefold for HF-HQ. Moreover, at least for
HF exposure, it was apparent that the transcriptome was more
responsive in young adults than old adults. This finding together
with the observed delay in reproduction and the retarded growth
(Menzel et al., 2011) suggests that the reproductive development is
a target following HF exposure. The high level of overlap between
the two concentrations in young adults was not observed in old
adults, indicating a shift in gene expression dynamics, which in
accordance with Van Straalen and Feder (2012) is separated by
effects (concentration/dose) rather than different exposures (com-
pounds). Given that the primary objective of this work was to
distinguish between the two preparations of HF and compare the
results to the genomics literature, the scenario “exposure” is more
relevant. Therefore we focused on the 3-days derived data.
The Affymetrix DNA microarray system is a robust, reliable,
and well established system (Dalma-Weiszhausz et al., 2006).
Nonetheless, we analyzed the expression level of 10 genes by qRT-
PCR, however in the N2 wild type rather than pha-1(e2123) which
was used for the microarray experiments. By doing so, we were
able to confirm the microarray data but also the validity of the
mutant strain, which was required for the production of a large
population of age-synchronized old adults. The addition of two
additional time points, namely shorter exposure times of 24 and
48 h, revealed complex time resolved differences in transcription.
Many genes were initially repressed or transcriptionally inactive
but induced at 72 h. In contrast, skn-1 was induced at 24 h but
returned to base line levels thereafter. Interestingly, skn-1 encodes
a longevity-promoting transcription factor and is positioned in the
p38MAPKpathway. Its expression has been shown to be enhanced
under conditions of stress (An and Blackwell, 2003) or reduced
DAF-2 signaling.
QUALITATIVE ANALYSIS OF TRANSCRIPT PROFILES BY ABUNDANCE
SCREENS
The generation of a dataset that describes quantitative changes in
gene expression upon a certain condition, e.g., exposure to a chem-
ical compound, is less challenging than the interpretation of its
relevance, significance, and contribution to the physiology of the
organism. Statistical methods aid in the identification of over- or
under-represented transcripts which can be aligned to biological
processes or functions via KEGG- and GO-term screens.
The over-representation of DEGs related to lipid metabolism
and biotransformation in HF and HF-HQ derived transcript pro-
files suggests the presence of enhanced catabolism, possibly of
toxic intermediates. This may contribute to the lifespan extension
which, according to the green theory of aging, is due to the invest-
ment in cellular waste disposal and protein conservation (Gems
and McElwee, 2005). The induction of several signaling pathways
(MAPK,Wnt, TGF-β, neuropeptide) might reflect transcriptional
changes of downstream targets. However, changes in heat shock
protein (HSP) gene expression were not observed. Clearly, other
transcripts responded to the HF/HF-HQ challenge, some are pos-
sibly involved in the observed longevity phenotype. For example
the pronounced over-representation of lysosome specific genes
may be linked to the process of autophagy, which mediates the
degradation of cellular components, including whole organelles
and protein aggregates. The importance of an efficient lysoso-
mal activity is indicated by the finding that long-lived C. elegans
mutants frequently display increased autophagy (Melendez et al.,
2003; Hars et al., 2007).
The down-regulation of the GO terms “reproductive develop-
mental process,”“gamete generation,” and “cell cycle” corroborate
the notion that the reproductive development slows down in
HF/HF-HQ exposed nematodes. Interestingly, this process seems
to be dynamic in nature as “gamete generation” and “cell cycle”
appear to be up-regulated (at least in 2.0mM DOC HF) in old
adults. In contrast, transcripts involved in the constitution of
the cuticle (also the gene class “cell structure”) or active in the
extracellular region and the pseudopodium (here in particular
MSPs) are consistently up-regulated. The cuticle of C. elegans
can differ in layer numbers, relative thickness, and composition
during development (particularly in larvae) and changing envi-
ronmental conditions. Indeed, genes encoding for cuticle colla-
gens were found to be induced in response to several bacterial
species (Coolon et al., 2009) and under oxidative stress (Shin
et al., 2011). In aging research, studies identified a large num-
ber of collagens as age regulated genes (Halaschek-Wiener et al.,
2005; Budovskaya et al., 2008). These data suggest that cuti-
cle collagens may be differentially regulated indirectly in defense
against environmental perturbations and potentially in longevity.
A comparable up-regulation of msp-genes were observed in the
long-lived daf-12(rh273) mutant (Fisher and Lithgow, 2006), but
also in Quercetin or Tannic acid exposed wild type worms (Pietsch
et al., 2012).
The HF and HF-HQ derived data were remarkably similar.
However, onlyHF-HQ returned an up-regulation of the Biological
processes “oxidation/reduction activity” possibly due to the previ-
ously observed increase in oxidoreductive activity (Menzel et al.,
2011).
QUALITATIVE ANALYSIS OF TRANSCRIPT PROFILES BY LITERATURE
COMPARISON
The main problem of abundance screens (e.g., GO-term profiling)
is the incomplete gene annotation of genomes and the risk of over-
interpretation, as enrichment values can occur by chance (Rhee
et al., 2008). The application of appropriate statistical tools mini-
mizes, but cannot exclude, the frequency of false-positives. To offer
a more independent verification, we conducted a meta-analysis to
include published data and searched for overlapping gene clusters
via the gene expression mount map created by Kim et al. (2001).
This revealed that Tannic acid exposed wild type worms (Pietsch
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et al., 2012), TGF-β mutants (Shaw et al., 2007), and worms sub-
jected to humic substances produce similar expression pattern
mountains. The comparison of DEGs-lists of either up- or down-
regulated genes confirmed this result. The overlap to worms with
a challenged immunity in response to an infection with P. aerugi-
nosa, Quercetin treated nematodes as well as long-lived and more
stress-resistant mutants [daf-2(e1370) and daf-12(rh273)] was, at
large, restricted to the section of up-regulated DEGs. Both HF
preparations and TGF-β mutants (and daf-2 for 2.0mM DOC)
shared GO terms, suggesting that the negative regulation of the
TGF-β pathway and, less pronounced, the insulin-like signaling
(ILS) pathway, play prominent roles in the lifespan extension due
to HF/HF-HQ. Both signaling cascades control, by responding
to environmental conditions, whether C. elegans larvae grow to
adults or to long-lived and stress-resistant dauer larvae. Based on
our results, it seems that HF preparations are able to modulate
these pathways, thereby facilitating the observed increase in stress
resistance and longevity.
GENETIC PLAYERS THAT PROMOTE HF-DEPENDENT LONGEVITY
HF or HF-HQ treatment was not able to prolong the lifespan of
the C. elegans mutants sek-1, sir-2.1,mev-1, asah-1 and (in the case
of HF only) osr-1. SEK-1, a MAP2K, is part of the p38 MAP kinase
pathway and acts downstreamof TIR-1 (toll and interleukin recep-
tor) and NSY-1 (MAP3K). It phosphorylates the MAP kinases
JNK-1 and PMK-1 (Tanaka-Hino et al., 2002), the latter results in
an elevated immune response to pathogen infection (Kim et al.,
2002) and also functions via SKN-1 to control resistance against
metals, such as arsenic (An and Blackwell, 2003). OSR-1 is cou-
pled to SEK-1 (through UNC-43) and regulates the osmotic stress
response and survival in hyper-osmotic environments, where via-
bility depends on activity of the CaMKII pathway (Solomon et al.,
2004). Both sek-1 and osr-1 were shown to be essential for the blue-
berry polyphenol induced longevity (Wilson et al., 2006) as well as
the Caffeic acid and Rosmarinic acid (Pietsch et al., 2011) medi-
ated longevity. Surprisingly, unc-43 was not found to be essential
for the longevity effect by HF or HF-HQ.
A genetic analysis suggested that sir-2.1 (which encodes the
NAD+-dependent deacetylase) extends lifespan via the ILS path-
way and requires daf-16 (Tissenbaum and Guarente, 2001).
Berdichevsky et al. (2006) proposed the existence of a stress-
dependent pathway in which SIR-2.1 acts in parallel to the ILS
pathway, but still via an activation of DAF-16. Likewise, Caffeic
acid, Rosmarinic acid, and Resveratrol mediated lifespan exten-
sion were all shown to be dependent on SIR-2.1.Viswanathan et al.
(2005) described the involvement of sir-2.1 in the up-regulation
of stress response genes (especially abu-11), a mechanism which is
thought to aid protein folding in the endoplasmic reticulum. SIR-
2.1’s involvement in stress response pathways during aging and
HF/HF-HQ challenge may thus promote longevity and is possibly
linked to the ILS-signaling cascades.
To further examine whether HF preparations could protect
against acute oxidative stress, we examined mev-1(kn1), a nema-
tode which harbors a mutation in the cytochrome b large subunit
of mitochondrial complex II (Ishii et al., 1998). The mutation
causes an overproduction of superoxide and increased oxida-
tive stress, resulting in accelerated aging and a reduced lifespan
(Hosokawa et al., 1994; Senoo-Matsuda et al., 2001). Neither
HF/HF-HQ, blueberry polyphenol (Wilson et al., 2006) nor Cat-
echin (Saul et al., 2009) treatment were able to revert or pro-
tect against the oxidative stress encountered by the mev-1(kn1)
mutants. The pro-oxidant properties, as described for different
polyphenols by Akagawa et al. (2003) and Wiegant et al. (2009),
may explain this result. Indeed, HF-HQ induced antioxidant
enzymes, such as catalases (ctl-2, ctl-3) and a superoxide dismutase
(sod-3).
Theasah-1 gene encodes aputative acid ceramidase,a lysosomal
enzyme which catalyses the hydrolysis of ceramide to sphingosine
and free fatty acid. Although the annotation data for asah-1 is
patchy, it is thought to act downstream from DAF-16 (Murphy
et al., 2003), has been assigned to the GO-term “Determina-
tion of adult life span,” and leads to Farber lipogranulomato-
sis, when mutated in humans. In affected individuals, harmful
amounts of lipids accumulate in cells and tissues throughout
the body (Mao and Obeid, 2008). Because several gene clus-
ters coding for lysosome components, ceramidases, and sphin-
golipid metabolizing enzymes were found to be up-regulated
by HF/HF-HQ, these processes may be essential for the effec-
tiveness of humic substances, a hypothesis that requires further
investigation.
CONCLUSION
The humic substance preparation HF significantly extends the
lifespan of the nematode C. elegans. Here we were able to show
that HF’s mode of action resembles other polyphenol monomers:
(i) the transcript profiles of HF are very similar to Tannic acid and,
but less pronounced, to Quercetin; (ii) the enrichment of HF with
hydroquinones (HF-HQ) enhances its phenotypic effects (Menzel
et al., 2011) and returns a more streamlined transcript profile (i.e.,
HF-HQ and HF affected common gene clusters, even though the
total number of DEGs was lower in the HF-HQ sample); and (iii)
HF/HF-HQ and polyphenols induce similar effects on key mutant
nematodes.
Despite these similarities, the mode of action of HF is complex
(Figure 5) and is heavily influenced by the negative regulation of
TGF-β- and ILS signaling as well as increased lysosomal activity.
Longevity, according to Kirkwood and Austad (2000), is driven by
an organism’s ability to cope with extrinsic or intrinsic stressors.
Clearly stress response pathways do not function in isolation but
act, in concert,within a stress networkwheremultiple hubs serve as
coordinators of variousmodules (Kourtis andTavernarakis, 2011).
The process of aging both influences and is influenced by this stress
network.Mild environmental stress, as triggered by low concentra-
tions of polyphenols or polyphenol-containing humic substances,
primes response pathways which in turn increase stress resistance
and longevity. These mechanisms are multidimensional but one
of the prime candidates involved in the impact of polyphenols and
humic substances is, at least in the nematode C. elegans, sir-2.1.
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